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Summary 
The dynamic behaviour of the water table depth can be explained from precip-
itation excess with empirical time series models such as transfer function-noise 
models (TFN, Knotters and Van Walsum, 1997), dynamic regression models 
(DR, Knotters and De Gooijer, 1999) or ARMAX models (Bierkens et al, sub-
mitted) and threshold autoregressive self-exciting open-loop models (TARSO, 
Knotters and De Gooijer, 1999). Comparative studies by Knotters and Van 
Walsum (1997), Knotters and De Gooijer (1999) and Bierkens and Walvoort 
(1998) concluded that empirical time series models are able to simulate water 
table depths as well as more physically based models. The models can be 
fitted on observed series of water table depths of restricted length, say two to 
ten years. Since data on precipitation excess are generally available over long 
time, the models can be used to simulate extensive time series of water table 
depths with a length of, say, 30 years. Hence all desirable characteristics such 
as Mean Highest and Mean Lowest Watertable (Knotters and Van Walsum, 
1997) and durations (Knotters and De Gooijer, 1999) can be calculated. 
The aim of this study is to analyze how the parameters in the empirical time 
series models mentioned above are related to physical quantities that can be 
derived from databases such as digital topographical maps, digital elevation 
maps and soil profile descriptions. For this purpose 51 time series of water 
table depths which represent a wide range of hydrological situations in the 
Pleistocene part of the Netherlands are analyzed. This analysis will give insight 
into the usefulness of databases on soil, topography, and elevation in predicting 
time series of water table depths. Regression models are given which describe 
the relationship between physical information and parameters of time series 
models. 
The linear TFN model for the relationship between precipitation excess and 
water table depth is given by 
H* — E[=i <5ii?t*_j + Y,Sj=oÜJjPt-j-b, 
(Nt*-n) = ELiMNtU-^ + et + EU^'t-j, 
Ht = H; + N;, 
where H£ denotes that part of the water table depth Ht which is explained by 
the precipitation excess Pt, b is a delay factor, which is an integer greater or 
equal to zero, {et} is a white noise process with zero mean and finite variance, 
and where ji is the mean of the noise process {N*}. 
It can be shown that if <Sj, i = 1 , . . . , r equals 0i? i = 1 , . . . ,p the TFN model 
can be written as an ARMAX model (Hipel and McLeod, 1994): 
m m' 
(Ht -ß) = J2Oi{Ht-i -fj) + Y,b*pt-i + e* 
i = l i=0 
9 
The ARMAX model with m = 1 and m' = 0 can be written in water balance 
terms in the following way: 
h(t) = {e-At/^} h(t - At) 
+7{l-e-A'/^}P(i) 
+ 7 {[£ P ( t ) -E a ( f ) ] - f}{ l -e -^} 1 
where h(t) is the water table depth [L] at time t, tp is the effective porosity [-], 
7 is the drainage resistance [T], gb is the regional groundwater flux [LT-1], Hs 
is the drainage level [L], Ep is the potential évapotranspiration [LT-1], E& is 
the actual évapotranspiration [LT-1], and AV is the change of the moisture 
content in the unsaturated zone [L]. Now the ARMAX model parameters can 





ai — e'^n 
b0 = 7{i-e-A'/^} 
= 7 { l - « i } 
ß = 79b + A's-
of two drainage levels these relationships can be written as 
ax = ß , 
M — a ' 
1 1 
a = 1 , 
7i 72 
and 
ß = e~fa. 
Time series of water table depths which represent a wide range of hydrolog-
ical situations in the Pleistocene part of the Netherlands were selected from 
the Groundwater Archive (Van Bracht, 1989). A total number of 51 wells 
were selected after inspection in the field. Drainage levels and bottom depths 
of drainage devices in the neighbourhood of the wells were collected. The 
soil profiles were described at least up to the permanently reduced zone, and 
texture and organic matter content were estimated. 
Values of Çb were "guessed" from digital groundsurface elevation data and 
information on the hydraulic conductivity of the subsoil. Values of 7 were 
guessed using the drainage formula of Ernst (1956). Inputs on the distance 
between drainage devices, on bottom depths and on wetted perimeters were 
guessed from digital topographic maps, field observations and research by Van 
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der Gaast and Van Bakel (1997). Inputs on hydraulic conductivities were 
guessed from the soil profile descriptions and a table published by Bierkens 
(1994). The drainage resistance was guessed for a neighbourhood circle with a 
radius of 400 m and 600 m. The effective porosity (p was guessed from the soil 
profile descriptions and soil physical standard curves (Wösten et al., 1987). 
Hence values of the ARMAX parameters a^ b0, ß and a£ were guessed. 
The regional groundwater flux estimated from calibrating ARMAX models ap-
peared to be unrelated with the regional groundwater flux that was guessed 
from auxiliary information on groundsurface elevation and hydraulic conduc-
tivity of the subsoil. The effective porosity estimated from ARMAX models 
is only weakly related to the effective porosity guessed from auxiliary infor-
mation on soil physical properties ( i ?^ = 21.7%). The drainage resistance 
estimated from time series is moderately related to the drainage resistance 
guessed from auxiliary information on drainage devices and hydraulic conduc-
tivities; i?adj. = 74.5% for guessed values based on a neighbourhood circle with 
a radius of 600 m, and R^ = 54.2% for guessed values based on neighbour-
hood circles with a radius of 400 m and 600 m. Regression analysis indicated 
only weak relationships between guessed ARMAX parameters and ARMAX 
parameters estimated from time series. The percentages of variance accounted 
for are roughly in between 4% and 35%. 
Reasons for the weak relationships between ARMAX parameters and physical 
information can be divided into three categories: 
1. Assumptions in the time series model. The ARMAX model assumes a 
linear relationship between precipitation excess and water table depth. 
However, nonlinearities may exist for instance because of the presence of 
thresholds such as distinct soil physical boundaries and drainage levels. 
Ignoring the nonlinear behaviour may weaken the relationship between 
the time series model parameters and the physical information; 
2. Assumptions in the models that describe the relationship between time 
series model parameters and physical information. In the calculation of 
the regional groundwater flux it is assumed that the gradients of the 
water table can be approximated by the gradients in the groundsurface. 
However, the water table is smoother than the groundsurface. The ef-
fect of storage in puddles and bypass flow through preferential flowpaths, 
macropores and soil cracks is ignored in the calculation of the effective 
porosity. The drainage resistance is guessed on the basis of neighbour-
hood circles with a fixed radius of 600 m or iteratively from neighbour-
hood circles with a radius of 400 m and 600 m. It would be more realistic, 
however, to calculate the drainage resistance iteratively for a wide range 
of radius values; 
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3. The quality of the data used. Uncertainty exists about the hydraulic 
conductivities of the subsoil, the soil physical properties, entrance re-
sistances, drainage levels, and wetted perimeters and bottom depths of 
drainage devices such as trenches, ditches and channels. 
The relationships between ARMAX parameters and auxiliary information on 
elevation, topography and soil physical properties can be improved in several 
ways. A first improvement can be obtained if the relationship between pre-
cipitation excess and water table depth is described by a nonlinear model, for 
instance a TARSO model (Knotters and De Gooijer, 1999), in particular if dis-
tinct threshold nonlinearities in the relationship between precipitation excess 
and water table depth are present. 
The guessed values of the regional groundwater flux can be improved if the 
gradients of the water table are derived from the results of for instance a sta-
tionary model for regional groundwater flow and from contour line maps of the 
phreatic groundwater surface obtained with such a model. The guessed values 
of effective porosity can be improved by including the storage in puddles and 
the effect of bypass flow through macropores, soil cracks and preferential flow 
paths. Therefore, more information on these processes need to be collected. 
The guessed values of the drainage resistance can be improved if they are 
calculated from a wide range of values for the radius of the neighbourhood. 
An important improvement in the quality of the elevation data can be ex-
pected in near future, if accurate elevation data collected by laser scanning are 
digitally available in a 5 x 5 m grid. This may improve the guessed regional 
groundwater fluxes. Accurate information on the hydraulic conductivity of 
the subsoil, say in between 1 m and 10 m depth, is extremely important in 
the calculation drainage resistances and regional groundwater fluxes. How-
ever, this information is not widely available yet. Further improvements in the 
calculation of drainage resistance can be expected if more information on en-
trance resistances of drainage devices were available. This study also indicated 
a need for more accurate and more detailed information on the presence and 
dimensions of drainage devices. Improvements can be made in the calculation 
of effective porosities if more soil physical standard curves for distinct geologic 
regions and geologic deposits were available. 
Water table depths that are predicted using guessed ARMAX models contain 
large systematic errors, but the standard deviations of the prediction errors 
are relatively small. It is expected that the predictions of an ARMAX model 
that has been guessed from physical information can be improved using more 
accurate guesses of the regional groundwater flux and the drainage resistances, 
and more accurate information on the drainage levels. Another possibility is 
to guess the ARMAX-parameter \x from water table depths that are observed 
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at a large number of sites at a time that the water table is about its mean 
level, or to estimate the spatial distribution of // inversely using observed water 
table depths. 
This study makes clear that parameters of time series models can not be pre-
dicted accurately in space on the basis of physical relationships yet. Although 
some improvements in the modelling are suggested, these will not take away 
the uncertainties about the data. In particular the quality of data on the hy-
draulic conductivity of the subsoil, entrance resistances, dimensions of drainage 
devices, and soil physical properties is extremely important in guessing AR-
MAX model parameters. Furthermore, a good approximation of the gradients 
in the phreatic surface is necessary. For economic reasons it is expected that 
the quality of physical information can only be improved to some extent. Hence 
it can be concluded that besides physical auxiliary information, observations 
on the water table depth itself are necessary in the spatial prediction of time 
series of water table depths. A possible method is to estimate the spatial 
distribution of time series parameters inversely from additional observations 
on the water table depth (i.e. calibration). Therefore, research is needed on 
optimal sampling strategies for the water table depth in both space and time, 
within the practical and economic limits of a regional survey. 
Water table depths predicted by ARMAX models that are guessed from physi-
cal information show large systematic errors but relatively small random errors. 
These predictions can be improved if the ARMAX-parameter /z that reflects 
the mean water table depth is guessed more accurately. Again, additional 
observations on the water table depth and inverse estimation of the spatial 
distribution of the ARMAX-parameters can be useful to reduce the prediction 
errors, besides more accurate physical information. 
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1 Introduction 
The dynamic behaviour of the water table depth can be explained from pre-
cipitation excess using empirical time series models such as transfer function-
noise models (TFN) (Gehreis et ed., 1994; Knotters and Van Walsum, 1997; 
Van Geer and Zuur, 1997), transfer function models as described by Tanker-
sley et al. (1993) and Tankersley and Graham (1994), dynamic regression 
models (DR, Knotters and De Gooijer, 1999) or ARMAX models (Bierkens 
et al, submitted) and threshold autoregressive self-exciting open-loop mod-
els (TARSO, Knotters and De Gooijer, 1999). Both TFN and DR models 
describe linear relationships between input and output. The TARSO model 
accounts for threshold nonlinearities in the relationship between precipitation 
excess and water table depth. Knotters and Van Walsum (1997), Knotters and 
De Gooijer (1999) and Bierkens and Walvoort (1998) evaluated the simulation 
performance of empirical time series models and physically based models such 
as the physical descriptive model SWATRE (Belmans et al., 1987), a simple 
analytical model (Bierkens and Walvoort, 1998) and a stochastic differential 
equation (Bierkens, 1998). These comparative studies concluded that empirical 
time series models are able to simulate water table depths as well as more phys-
ically based models. An advantage of empirical time series models is that only 
data on the input and output variable are requested, whereas physically based 
models need additional information such as drainage levels and soil physical 
properties. 
The models can be fitted on observed series of water table depths of restricted 
length, say two to ten years. Since data on precipitation excess are generally 
available over a longer time, the models can be used to simulate extensive time 
series of water table depths with a length of, say, 30 years. Hence all desirable 
characteristics such as Mean Highest and Mean Lowest Watertable (Knotters 
and Van Walsum, 1997) and durations (Knotters and De Gooijer, 1999) can 
be calculated. It may be desirable, however, not only to be informed about the 
dynamic behaviour of water table depth at the location of observation wells 
but also at other locations. In regional surveys generally only few time series of 
water table depths are available, and the opportunities for collecting additional 
groundwater data in space and time are limited in most cases. Therefore, there 
is a need for relationships between widely available physical information and 
parameters of time series models. Through using these relationships in combi-
nation with time series models it may be possible to predict time series models 
spatially. Hence, input series on precipitation excess can be transformed into 
output series on water table depth at all points in space. From these spatially 
predicted or simulated series all desirable characteristics can be calculated. 
The aim of this study is to analyze how the parameters in the empirical time 
series models mentioned above are related to physical quantities that can be 
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guessed from databases such as digital topographical maps, digital elevation 
maps and soil profile descriptions. For this purpose 51 time series of water 
table depths which represent a wide range of hydrological situations in the 
Pleistocene part of the Netherlands are analyzed. It will be demonstrated 
that physical quantities such as the regional groundwater flux, the effective 
porosity of the soil and the drainage resistance are related to time series model 
parameters. These physical quantities will be "guessed" from databases on 
soil, topography and ground surface elevation that are available at a national 
scale. The term "guessed" is used to distinguish from parameters which are 
"estimated" from time series. This analysis will give insight into the usefulness 
of databases on soil, topography, and ground surface elevation in predicting 
time series of water table depths. Regression models are given which describe 
the relationship between physical information and parameters of time series 
models. 
This report is composed as follows. In Chapter 2 the time series models that 
describe the relationship between the potential precipitation excess and the 
water table depth are defined. In Chapter 3 a water balance for the phreatic 
groundwater zone that can be expressed in terms of linear time series models 
such as TFN, DR and ARMAX, is derived. In Chapter 4 the selection proce-
dure is given that resulted in a set of 51 observation wells which represent a 
wide range of hydrological situations in the Pleistocene part of the Netherlands. 
Chapter 5 describes how physical quantities like the regional groundwater flux, 
the drainage resistance, and the effective porosity can be guessed from auxil-
iary information on soil, topography, and elevation. In Chapter 6 the results of 
the analyses are given. The results of time series modelling are given, guessed 
values of physical quantities are listed, and regression models that describe the 
relationship between estimated parameters of time series models and guessed 
values of physical quantities are presented. The report ends with a discussion 
on the usefulness of auxiliary information on soil, topography and groundsur-
face elevation, and some concluding remarks. 
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2 Time series models 
Let Ht be the water table depth at discrete time t. Furthermore, let Pt 
be defined as the average daily potential precipitation excess between t — \ 
and t, which is calculated from difference between daily precipitation en daily 
Makkink reference-crop évapotranspiration (De Bruin, 1987). Now the TFN 
model that describes the relationship between Ht and Pt is given by the linear 
difference equation 
i=l j=0 
where HI denotes that part of Ht that is explained by Pt. Here b is a delay 
factor, which is an integer greater or equal to zero. 
In practice one could not expect that Ht can be "fully" explained by variations 
in Pt. There will always be outside disturbances. If it is assumed that the 
disturbance, or noise Nt, is independent of the level of Pt and is additive with 
respect to the influence of Pt, then (1) can be written as 
Ht = H; + N;. (2) 
Now iVf* may be related to its own past iVt*_1} iVt*_2, and so on. This behaviour 
can be described by an AR(I)MA process. Assuming that iVt* is stationary, 
this process can be written as 
(A? -M) = é & W-« "/*) + * + E Ojet-j 
i=l j=\ 
where {et} is a white noise process with zero mean and finite variance, and 
where ß is the mean of the process {Nf}. 
It can be shown that if <$j, i = 1 , . . . , r equals 0i5 i = 1 , . . . , p the TFN model can 
be written as an autoregressive moving average exogenous variable (ARMAX) 
model (Hipel and McLeod, 1994): 
m m' 
{Ht -ß) = $>(# t _i - ß) + J2biPt-i + *t. (3) 
i=l i=0 
The dynamic regression (DR) model (Knotters and De Gooijer, 1999) is an 
alternative notation of the DR model with respect to the constant term: 
m m' 
Ht = a0 + Y^ aiHt-i + Y. bipt-i + €t- (4) 
i=l i=0 
The ARMAX model with m = 1 and m' = 0 was calibrated on time series 
of P and H using the Kalman filter approach described by Bierkens et al. 
17 
(submitted). For this purpose a Fortran program called "KALMAX" has been 
written. 
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3 A water balance for the phreatic groundwa-
ter zone 
Figure 2 shows a schematic soil profile with a water table and ingoing and 
outgoing fluxes. At the top of the soil column two ingoing fluxes are assumed: 
Pt[LT-1]
 a n d {EPjt - E a,t} [LT-1]. The term Pt reflects the potential precipi-
tation excess, which is defined by 
Pt = Pt - EPtt, 
where Pt*[LT_1] is the precipitation in between t — l and t, and Epj[LT~l] is the 
potential évapotranspiration in between t — l and t. The generally unknown 
difference between potential and actual évapotranspiration (£a | t[LT-1]) is ex-
pressed by the term {EPtt — E&t] [LT-1]. At the bottom of the soil column the 
ingoing flux ?b,t[L T - 1] expresses the regional component of groundwater flow, 
i.e. upward and downward seepage. The outgoing flux <7d,t[L T - 1] indicates 
the drainage to devices such as trenches and ditches, with drainage level ifs[L]. 
The term Vt[L] expresses the moisture content in the unsaturated zone, which 
shows a generally unknown variation in time. 
Until now a discrete time scale was used, i.e. equidistant time steps indicated 
by subscripts t. In the following a water balance will be constructed in terms 
of a linear time series model. For this purpose the continuous time scale 
will be used, indicated by (t). In first instance several terms are assumed 
to be constant, so that a water balance with a linear structure can easily be 
constructed. Firstly, the drainage level Hs is assumed to be constant, so that 
the drainage flux qd{t) can be defined by 
a (f) - H* - h® 
7 
where 7 is the drainage resistance which is also assumed to be constant. Fur-
thermore, the porosity <p[—] of the porous medium in which the water table 
depth h(t) fluctuates is assumed to be constant. Finally, the regional com-
ponent of groundwater flow (qh) is assumed to be constant in time. A water 
balance for the phreatic groundwater zone can now be given by 
d/i He-h(t) „ , , r r w , „ . ... dV , N 
^ d t = 7 + {t) + % + { p ( t ) " a ( t ) } + "dl ' ( 5 ) 
The change in time of the water table depth can be written as 
dh -h(t) 1 f . . # s ^ / N _ N dV) 
dt (fry f [ 7 dt J (6) 
19 
The second term at the right hand side of Eq. (6) is called U(t) in the following. 
Now the impulse-response function can be derived as follows: 
h ifry 
\nh = — - + c 
h{t) = h(0)e-t/{^. (7) 
Eq. (7) is the tail recession of h. Now assume that at time t — At the water 
table depth is equal to h(t — At). Then at time t remains 
h'(t) = h(t- At)e~At^. 
The influence of the input, which is assumed to be constant in between t — At 
and t, on h follows from the convolution integral: 
h"{t) = f e-(t-T^£/(T)dr. 
Jt-At 
Now because U(t) is constant in between t — At and t we obtain 
h"(t) = U(t)e-^ fUt^dr 
= U(t)e-t/vri lif-jél^ - ^7e t / v 7 e - A t / ^} 
= U(t)^{l-e-At^). 
This results in 
h(t) = h'(t) + h"{t) = {e-At/^} h(t - At) 
+7{l-e-^}P(i) 
+ {7<7b + # s } { l - e - A t / ^ } l j 
+1{[Ep(t)-Ea(t)}-%}{l-e-At/^}-
The first two terms at the right hand side of Eq. (8) describe the dynamic 
relationship between the input P(t) and the output h(t). The third term at 
the right hand side contains only terms that are assumed to be constant in 
time. The last term at the right hand side of Eq. (8) is the residual term e(t). 
In its structure Eq. (8) equals the DR model and the ARMAX model which 
are given in Eqs. (4) and (3), respectively. Eq. (8) can now be written as 
with 
h{t) -ß = aj {h(t - At) - //} + b0P(t) + e(t), (9) 
= 7 { l - a i } 
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Prom Eq. (9) follows that 0 < ax < 1 and 0 < bx < oo, as they should. 
The physical quantities 7, <p, and q^ can now be calculated from time series 
parameters in the following way: 
7 = Ä" 
V = A T ) (11) 
?b = "=* 
Until now we assumed the presence of one drainage level. It may be desirable, 
however, to distinguish more drainage levels. Assuming two drainage levels a 
water balance can be written as 





 PW + ^ + iE*® - E*W + -£ (12) 
After some derivations we obtain 
h(t) = ßh(t-At) + ^P(t) 
+*=*{*> + ^  + f } + ¥ {EP(t) - Ea(t) + f } , 
with 
1 1 
OL = 1 , 
7i 72 
and 
ß = e-fQ. 
Eq. (13) is analogous to the following ARMAX model: 




The parameters 7, <p, % and CT£ are calibrated on time series on P and H using 
the Kalman filter algorithm described by Bierkens et al. (submitted) with the 
Fortran program "KALWAT". 
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4 Selection of time series 
Time series of water table depths which represent a wide range of hydrological 
situations in the Pleistocene part of the Netherlands were selected from the 
Groundwater Archive (OLGA) of the TNO Institute of Applied Geoscience 
(Van Bracht, 1989). Both the database for the agricultural areas (OLGA) and 
the nature areas (OLGA-SUN) were used. The selected time series obey the 
following conditions: 
1. Length of at least three years; 
2. Water table depths are observed semi-monthly; 
3. The wells are situated in the Pleistocene part of the Netherlands with 
open sandy profiles, i.e. no stagnation of soil water; 
4. The filter depth is within 6 m below the groundsurface. 
This selection resulted in a set of 1700 observation wells. From this set a 
balanced sample was taken of 51 well locations with respect to 
1. Region: north, middle and south; 
2. land use: agriculture or nature; 
3. soil type; 
4. water table class. 
Preliminary information on soil type and water table class was derived from 
the digital soil map of the Netherlands (Finke et al, 1998). The following soil 
classes are represented on the basis of the material in the first 1.20 m: 
1. "loamy sands": soils with horizons containing less than 15% organic 
matter, and with a mineral fraction containing 8% clay (mineral ma-
terial with particle-size < 2/xm), 17.5% to 50% loam (mineral material 
with particle-size < 50/im, a median of the sand fraction (M50, mineral 
material with particle-size > 50/xm) which is smaller than 210/zm, and 
with an anthropogenic top layer not thicker than 0.5 m; 
2. "fine sands": soils with horizons containing less than 15% organic mat-
ter, and with a mineral fraction containing less than 5% clay (mineral 
material with particle-size < 2/xm), less than 17.5% loam, an M50 smaller 
than 210//m, and with an anthropogenic top layer not thicker than 0.5 m; 
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3. "coarse sands": soils with horizons containing less than 15% organic 
matter, and with a mineral fraction containing less than 8% clay, less 
than 17.5% loam, an M50 larger than 210/xm, and with an anthropogenic 
top layer not thicker than 0.5 m; 
4. "anthropogenic sandy soils" : soils with an anthropogenic top layer that 
is thicker than 0.5 m, containing fine sandy material (M50 < 210/im) 
with an organic matter content in between 2.5% and 15%, less than 8% 
clay and less than 50% loam; 
5. "peaty sandy soils": sandy soils with at most 0.4 m peaty material (> 
15% organic matter) in the upper 0.8 m of the soil profile. 
Five different fluctuation classes of the water table are represented: 
1. a wet class with only few drainage devices: the Mean Highest Watertable 
(MHW, Van Heesen, 1970) is not deeper than 0.25 m below the ground-
surface, and the Mean Lowest Watertable (MLW) is not deeper than 
1.20 m below the groundsurface; 
2. a wet class with drainage devices: the MHW is in between 0.25 m and 
0.40 m, and the MLW is not deeper than 1.20 m; 
3. a class with large fluctuations up to shallow depths: the MHW is not 
deeper than 0.40 m, and the MLW is deeper than 1.20 m; 
4. a dry class: the MHW is in between 0.40 m and 0.80 m, and the MLW 
is deeper than 1.20 m; 
5. a very dry class: the MHW is deeper than 0.80 m, and the MLW is 
deeper than 1.20 m. 
Preliminary information on land use was derived from the National Land use 
Map of the Netherlands. For each pixel of 25 by 25 m the land use is known. 
Two groups of land use were distinguished: 1) agriculture and 2) nature, in-
cluding forest. 
Tables 1 and 2 show the distribution of the 1700 candidate wells over the 
strata. The 51 bold face numbers in Tables 1 and 2 indicate the strata in 
which the 51 observation wells were searched. 
All 51 observation wells were selected after inspection in the field. Drainage 
levels and bottom depths of drainage devices in the neighbourhood of the wells 
were collected. The soil profiles were described at least up to the permanently 
reduced zone. Texture and organic matter content were estimated, and the 
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colour of the horizons was measured using Munsell's soil colour charts. The 
soil profile descriptions are given in Annex 4. An explanation of these soil 
profile descriptions is given by Ten Cate et al (1995). 
Time series on daily precipitation and Makkink reference crop évapotranspira-
tion were selected from the reports of the Royal Dutch Meteorological Institute 
(KNMI). Tables 3 and 4 list the coordinates of the observation wells and the 
meteorological stations. Figure 1 shows the locations of the observation wells 
and the meteorological stations. The beginning and ending dates of the series 
used in the model calibration are listed in Tables 5 and 6. 
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5 Physical information 
5.1 Regional groundwater flux 
Prom Eq. (10) it is clear that the ARMAX-parameter \i depends on the re-
gional groundwater flux q^. The driving force of regional groundwater flow 
is gravity: the groundwater flows from relatively high areas such as ridges of 
coarse sands and ice-pushed ridges to relatively low areas such as brook valleys. 
Therefore, a relation between Çb and elevation may be expected. The relation 
with elevation is described by Darcy's law for groundwater flow between from 
point A to point B: 
<7b = - f c s a t ^ - ^ (15 ) 
S 
where fcsat is the saturated hydraulic conductivity, h'A and h'B is the phreatic 
groundwater level relative to NAP at points A and B, respectively, and s is the 
distance between A and B. In this study the difference h'A — h'B is approximated 
by the difference between the groundsurface elevation of points A and B. It 
should be noted, however, that this approximation overestimates the gradient 
of the water table, because the water table is smoother than the groundsurface: 
high groundsurface elevations generally go with deep water tables, whereas 
low groundsurface elevations generally go with shallow water tables. Elevation 
data for the groundsurface are available from digital maps with on average one 
datum per hectare. In near future precise elevation data are digitally available 
in a 5 x 5 m as well as a 25 x 25 m grid. 
An auxiliary variable that can be derived from digital elevation data is the 
relative groundsurface elevation, which can be defined as the elevation relative 
to the mean elevation in a surrounding area with a given radius. Te Riele 
and Brus (1992), Stolp et al. (1994), and Te Riele et al. (1995) used relative 
groundsurface elevation as an auxiliary variable in the spatial prediction of 
water table depths and characteristics such as the Mean Highest and Mean 
Lowest water table (MHW and MLW, respectively). In these three studies 
linear relationships were found between relative groundsurface elevation and 
water table depth or characteristics like MHW. Besides the relative ground-
surface elevation, the groundsurface relative to NAP (Dutch ordnance datum) 
was included into the regression models in all three studies. 
For each of the 51 locations the relative groundsurface elevation was calculated 
for ten circles with a radius ranging from 300 to 3000 m. For this purpose the 
elevation data from the digital elevation map were declustered by means of 
nearest neighbour interpolation to a 25 x 25 m grid. The relative groundsurface 
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elevation of a well location is subsequently calculated as follows: 
1 " r 




where nr is the number of declustered elevation data z\ in a circle with radius 
r,r = 300,600,..., 3000 m. 
A drawback of relative groundsurface elevation as a predictor of regional ground-
water flux may be that the gradient and the saturated conductivity of the sub-
soil are not included. Therefore we calculated a "guess" of Çb in the following 
way: 
(z - zijT) 
9b = maxr -ÄWt.median,; (17) 
where s,>r is the distance from the observation well to the ith. declustered point 
with elevation ziyT in the circle with radius r,r = 300,600,..., 3000 m. The 
maximum operator is included in Eq. (17) in order to find the scale at which 
the regional flow dominates. Values for Â;sat were derived from the soil profile 
descriptions and a table with horizontal hydraulic conductivities published by 
Bierkens (1994). 
5.2 Drainage 
As Eq. (10) indicates, all three ARM AX parameters depend on the drainage 
resistance 7. Furthermore, the parameter \i also depends on the drainage level 
Hs. Drainage levels are known from the local water management authorities, 
or otherwise they can be observed in the field. The drainage resistance can not 
be observed directly in the field, but can be calculated from the distance be-
tween drainage devices, the depth of drainage devices, the horizontal, vertical, 
and radial saturated conductivities of the subsoil, and the entrance resistance 
of drainage devices. In this study the formula of Ernst (1956) is used in cal-
culating drainage resistances, which is given by 
l = -r-+
 Q^, + ~ i r l n + (18) 
where the first term at the right hand side is the vertical component, the second 
term is the horizontal component, the third term is the radial component, and 
the fourth term is the entrance component. Dv, £>h, and DT are the thicknesses 
of the layers with vertical, horizontal, and radial flow, respectively (m). kv, 
kh, and kT are the vertical, horizontal, and radial hydraulic conductivity in 
the layers with vertical, horizontal, and radial flow, respectively (m d_ 1), with 
kv = \Ah&v L is the distance between the drainage devices (m), u is the 
wetted perimeter (m), a is a factor accounting for the geometry of radial 
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flow (-), and ce is the entrance resistance (d). Three profile types can be 
distinguished: i) homogeneous profiles; ii) profiles with a boundary between 
two layers above the bottom of the drainage devices, and iii) profiles with 
a boundary between two layers below the bottom of the drainage devices, 
see Werkgroep Herziening Cultuurtechnisch Vademecum (1988, pp. 518-522) 
for a detailed description of the calculation method and a diagram for the 
determination of a. 
The distance between drainage devices can be derived from digital topographic 
maps (1:10,000) for areas with a specified radius. In this study we applied a 
radius of 400 m and 600 m. Mean distances between drainage devices were 
calculated using the GIS-package ARCVIEW (ESRI, 1996). Bottom depths 
and wetted perimeters were observed in the field or derived from Van der 
Gaast and Van Bakel (1997). Hydraulic conductivities were derived from the 
soil profile descriptions and a table given by Bierkens (1994). Tables 7 and 
8 list the hydraulic conductivities that are applied in the calculation of the 
drainage resistances. The broken numbers in these Tables 7 and 8 are effective 
horizontal and vertical conductivities for multilayered profile types. These 
effective conductivities are calculated in the following way: 
1 n 
^h.eff. = — / , k\i.ii 
n r—f 
K,eS. — ^ n i 
^ V . l 
J_ 
E n _1 
i = l fcv 
The entrance resistance ce was assumed to be 1 day. Four types of drainage 
device were distinguished: 
1. trenches and periodically dry ditches; 
2. ditches with a width up to 3 m; 
3. ditches with a width in between 3 m and 6 m; 
4. channels, brooks and rivers wider than 6 m; 
In the presence of n drainage types the total drainage resistance can be calcu-
lated as follows: 
7 = ^ n 1 ! (19) 
with R = 400,600m being the radius of the area for which the drainage resis-
tance is calculated. In this way the smallest drainage resistance is calculated 
iteratively from drainage resistances for several drainage types in two neigh-
bourhoods of different size. 
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5.3 Effective porosity 
The parameters ax and b0 of the ARMAX model, Eq. (10), depend on the 
effective porosity (p. The effective porosity is the ratio between a change in the 
water balance during At and the resulting change in water table depth, see Eq. 
(5). The effective porosity depends not only on the porosity of the medium in 
which the water table fluctuates, but also on the storage of water in puddles 
and preferential flow or "bypass flow". Only on porosity prior information is 
available from the soil profile descriptions and the soil physical standard curves 
for the main soil horizons in the Netherlands (Wösten et al, 1987). From this 
information various quantities which may be related to the effective porosity 
can be calculated, for instance: 
1. the moisture content of a soil profile at saturation; 
2. the moisture content if the pressure head profile is in equilibrium; 
3. the porosity of a soil profile; 
4. the storage coefficient if the pressure head profile is in equilibrium. 
These quantities were calculated for the soil profiles up to the permanently 
reduced zone using the program CAPSEV (Wesseling, 1991). The storage 
coefficient /xs was calculated in the following way: 
_ 127=1 {#sat.t - Q(hp(Zi)) + ^residual,*} ^ Q N 
where n is the number of discretisation intervals (0.01 m) between the ground-
surface and the permanently reduced zone, zg is the water table depth (m) 
which is set equal to the depth of the permanently reduced zone here, Zi is 
the depth of the ith discretisation interval of 0.01 m, #sat,i is the saturated 
moisture content in the ith discretisation interval (m3m~3), 9(hp(zi)) is the 
moisture content corresponding to the pressure head hp at depth z; (m3m - 3), 
and #residuai,i is the residual moisture content in the ith discretisation interval 
( m3m~3). The effective porosity can be guessed for instance by fis or by the 
fraction of pores in the soil profile up to the permanently reduced zone, that 
IS vSa.t.,iZg • 
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5.4 Guessing ARM AX parameters from physical infor-
mation 
The ARMAX parameter ÖJ (Eq. (3)) is guessed from physical information in 
the following way: 
a1=e~n^i, (21) 
where the total drainage resistance 7 to t is calculated from physical information 
using Eqs. (18) and (19). 
The ARMAX parameter bo (Eq. (3)) is guessed from physical information by 
k = ^ . (22) 
7tot. 
The ARMAX parameter /x (Eq. (3)) is guessed from physical information as 
follows: 




6.1 Parameter values guessed from physical information 
6.1.1 Regional groundwater flux 
Table 13 lists the guessed values of q^ based on Eq. (17) as well as the radius 
for which the maximum absolute value of regional groundwater flow is found. 
The values of % are rather large, say -38 mm day -1 to 130 mm day - 1 . In 
general the regional groundwater flux is assumed to range from -2 mm day - 1 
to 2 mm day -1. The first possible reason for the relatively large guessed values 
is that the saturated hydraulic conductivity of the subsoil is overestimated 
by the horizontal hydraulic conductivities which were derived from Bierkens 
(1994). Another possible reason is that the gradients of the water table are 
overestimated by the gradients of the groundsurface. In order to obtain more 
realistic values for the regional groundwater flux the guessed values are scaled 
in a way that the maximum infiltration flux is equal to 200 mm year -1. 
6.1.2 Drainage resistance 
Tables 14 to 17 list the guessed values of 7 for four drainage systems separately 
as well as for the total drainage resistance. The values in Tables 14 and 15 are 
based on a radius of 600 m. The guessed the drainage resistances have rela-
tively large values: the guessed total drainage resistance ranges from 92 days 
to 17288 days. Some large values are due to an overestimated distance between 
drainage devices, because of omissions in the digital topographical maps used. 
Furthermore, drain pipes were assumed to be absent. Another reason for the 
large guessed drainage resistances may be that a circle with 600 m radius does 
not represent the scale at which the drainage fluxes influence the water table. 
This scale depends on the drainage resistance itself and therefore the drainage 
resistance should be calculated iteratively for a large number of circles with 
varying radius. The values in Tables 16 and 17 are based on a radius of 400 m. 
In general these values are smaller than those based on a radius of 600 m only. 
6.1.3 Effective porosity 
The effective porosity is guessed using the following quantities derived from soil 
profile descriptions and soil physical standard curves for the main soil horizons 
in the Netherlands (Wösten et al, 1987): 
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1. the moisture content of a soil profile at saturation, #sat.; 
2. the moisture content if the pressure head profile is in equilibrium, 0V; 
3. the porosity of a soil profile, ösat.^1; 
4. the storage coefficient if the pressure head profile is in equilibrium. 
All these quantities are calculated for the soil profile up to the depth of the per-
manently reduced zone, dT. Tables 18 and 19 list the results of the calculations 
by the program CAPSEV (Wesseling, 1991). 
6.2 KALWAT and KALMAX 
Tables 9 and 10 list the parameter estimates obtained by the program KALWAT. 
The estimated effective porosity Cp is generally about 0.1 to 0.2. However, 
for some observation wells large values are found. For wells 27DP7603 and 
50AP7608 the values of <p are 0.789 and 0.495, respectively. A possible ex-
planation is that both observation wells are situated in peaty soils. For wells 
27DL0031 and 33BL0003 the effective porosity is estimated at 0.821 and 0.433, 
respectively. Here peaty layers are absent in the soil profile. Both observa-
tion wells are situated close to the ice-pushed hills of the Veluwe region. In 
these two cases the relatively large values of (p may be explained from a strong 
time-varying regional groundwater flux which damps the fluctuation of the 
water table depth, and for which the model does not account for. The effect of 
the regional hydrology may be compensated by large estimates of the effective 
porosity. 
The ARMAX parameter estimates by the program KALMAX are given in 
Tables 11 and 12. Figures 3 to 6 show that the estimates of ai, 60, n and ae 
obtained by KALMAX are close to those obtained by KALWAT. 
6.3 Regression analysis: physical parameters 
In this Section the relationships between the parameters %, 7, <p, which were 
estimated by KALWAT, and physical information will be reported. The results 
for wells 21FL0016, 34BL0012, and 50AP7608 were excluded from the analysis 
because for these wells extremely high drainage resistances were calculated 
from the auxiliary information, possibly due to errors in the data. 
34 
The estimated regional flux % appeared to be unrelated to the guessed regional 
flux <?b : 
9b = 0.116 + 4.67çb + e, àe = 1.950 (0.282) (5.90) 
(standard errors in brackets), where the residual variance exceeds the variance 
of Çb- A possible reason for the absence of a relationship may be that the 
gradients in the water table are not satisfactory approximated by the gradients 
in the groundsurface (Eq. 17). Another reason may be that the hydraulic 
conductivity of the subsoil is not satisfactory described by the values given in 
Table 13. It is interesting to analyze whether qh or qh is more representative 
for the geohydrologic situation at the well location. For this purpose % and % 
are compared with the soil profile descriptions in Annex 4. The presence of an 
E-horizon and a B-horizon as a result of podzolization indicates a downward 
(negative) flux, whereas the presence of a gley horizon indicates an upward 
(positive) flux. % and % resemble with the soil profile characteristics at 63% 
and 59% of the well locations, respectively. In some cases, however, it may be 
expected that gley horizons are "fossil", i.e. they do not represent the actual 
hydrological situation. Then a gley horizon goes with a negative regional 
groundwater flux. If these situations are excluded from the analysis, then % 
and % resemble with the soil profile characteristics both at 73% of the well 
locations, In summary, % indicates the direction of the regional groundwater 
flux slightly better than %. 
The estimated effective porosity (p is only weakly related to the guessed effec-
tive porosity <p: 
(p' = -0.930 + 1.203£' + e, &e = 0.6544 (0.152) (0.321) 
with R2^ = 21.7%, and with (p and <p' being the logistically transformed (p 
and </i>, respectively, in order to obtain response between 0 and 1 and a linear 
relationship. The guessed effective porosity (p is based on the fraction of pores 
which is given in Tables 18 and 19 by O^d'1, because this guess showed the 
best relationship in terms of R^ with the estimated effective porosity (p. 
A reason for the weak relationship between <p' and (p' may be that (p' does not 
account for storage in puddles and bypass flow. Furthermore, the soil physical 
standard curves that are used in the calculation of <p' may not represent the 
soil physical conditions at the well site. 
The estimated drainage resistance 7 is linearly related to the guessed drainage 
resistance 7 on the basis of a 600 m radius in the following way: 
7 = 85.7 + 0.64477 + e, âe = 162.57 
(30.9) (0.0548) 
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with iî^jj = 74.5%. Note that the data of four wells with extremely high 
guessed drainage resistances were discarded before the above model was fit-
ted. The above relationship indicates that the guessed drainage resistances are 
relatively high as compared with the estimated drainage resistances. 
As Eq. (10) indicates, the ARMAX parameters ax and b0 depend on the 
multiplication (py. The estimated term £7 is related to the guessed term ^7 
on the basis of a 600 m radius in the following way: 
£7 = 5.85 + 0.4484£>7 + e, a
€
 = 46.71 
(9.13) (0.0429) 
with R2^ = 69.7%. 
If the drainage resistance 7 is guessed on the basis of a radius of both 600 m 
and 400 m (Eq. (19)) the relationship with 7 becomes 
7 = 119.1 + O.9267 + e, àe = 217.80 (41.4) (0.123) 
with R^j — 54.2%. Now the relationship between ^7 and ^7 is 
$7 = 6.64 + 0.7376£>7 + e, ae = 50.25 (9.92) (0.0785) 
with i^d j = 65.0%. 
6.4 Regression analysis: ARMAX parameters 
In this section the relationships between the estimated ARMAX parameters 
ôi, 60, and fi and their values as guessed from physical information are given. 
Again, the results for wells 21FL0016, 34BL0012, and 50AP7608 were excluded 
from the analysis because for these wells extremely high drainage resistances 
were calculated from the auxiliary information. 
For the parameter a^ the following relation is found if the drainage resistance 
is guessed on the basis of a radius of 600 m: 
â\ = 1.072 + 0.593a; + e, â£ = 0.817 (0.534) (0.117) 
with Rldj = 34.6%, and â[ and â^  being the logistically transformed ai and 
äi, in order to obtain a response in between 0 and 1 and a linear relationship. 
If the drainage resistance is guessed on the basis of a radius of both 600 m and 
400 m this relation becomes 
â[ = 1.322 + 0.600a; + e, âe = 0.8295 
(0.507) (0.123) 
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with R2adi = 32.6%. 
The parameter estimates for b0 appear to be unrelated with guessed values if 
the drainage resistance is guessed on the basis of a radius of 600 m: 
b'0 = 0.418 + 1.348b' + e, a, = 0.4433 
(0.440) (0.485) 
with .R^y = 12.5%, and with b0 and b'0 being the logarithmically transformed 
bo and b0, respectively, in order to obtain a positive response and a linear 
relationship. If the drainage resistance is guessed on the basis of a radius of 
both 600 m and 400 m this relation becomes 
y = 0.494 + 1.2676Î, + e, â£ = 0.4472 (0.439) (0.486) 
with R2adi = 11.0%. 
For the parameter // the following relation is found if the drainage resistance 
is guessed on the basis of a radius of 600 m: 
A = -107.2 + 0.263/x + e, &e = 62.27 (18.8) (0.150) 
with i?^jj = 4.2%. If the drainage resistance is guessed on the basis of a radius 
of both 600 m and 400 m this relation becomes 
fi = -103.0 + 0.301/i + e, âe = 61.92 (19.5) (0.158) 
with i^dj. - 5.3%. 
The guessed parameter 60 can be assumed to be a guess for (je, see Eq. (13). 
If the drainage resistance is guessed on the basis of a radius of 600 m the 
following relationship is found: 
â'e = 1.414 + 1.2376Î, + e, èe = 0.5358 (0.532) (0.586) 
with iî^dj. = 6-8%, and &'e and b'Q are the logarithmically transformed &e and bo, 
in order to obtain a positive response and a linear relationship. If the drainage 
resistance is guessed on the basis of both a radius of 400 m and 600 m the 
relationship is 
<r'e = 1.477 + 1.174K, + e, <7£ = 0.5381 (0.528) (0.585) 
with Rldi = 6.0%. 
37 
6.5 Prediction of water table depths using guessed AR-
MAX parameters 
In this section the prediction performance of ARMAX models with parame-
ters that are guessed from physical information will be evaluated. For this 
purpose we used daily precipitation excess series and time series of water table 
depths, collected at the locations and during the periods listed in Tables 3 to 
6. Note that these data are not used in guessing the ARMAX parameters. 
The ARMAX parameters are guessed from physical information by Eqs. (21) 
to (23), with drainage resistances based on a neighbourhood radius of 600 m. 
The prediction performance is evaluated by the following criteria: 
• the mean prediction error as a measure of systematic error: 
1 n ME = -Yjel 
where n is the number of observations and e; = hi — hi. This criterion 
indicates systematic prediction errors. 




• the root mean squared error as a measure of accuracy: 
RMSE = 1
 n 
Tables 22 and 23 list the prediction results. The ME values indicate that large 
systematic errors occur. The SDE values are relatively small as compared with 
the ME values. It is interesting to compare the SDE values in Tables 22 and 
23 with the standard deviations estimated for the innovations of the calibrated 
models (<r£) in Tables 11 and 12. Interestingly, for nine observation wells the 
SDE values are smaller than the values of â£, as for 21 observation wells rela-
tively small SDE values (smaller than 20 cm) are found. The accuracy of the 
predictions, expressed by the RMSE, can be improved mainly by reducing the 
systematic error, that is, by improving the guess of the parameter \i in Eq. (9). 
From Eq. (14) it can be seen that the parameter /i which reflects the average 
water table depth depends on the regional groundwater flux çt,, the drainage 
levels Hi,H2,... and the drainage resistances 71 ; 7 2 , . . . . Thus, it is expected 
that the predictions of an ARMAX model that has been guessed from physical 
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information can be improved using by more accurate guesses of the regional 
groundwater flux and the drainage resistances, and more accurate information 
on the drainage levels. Another possibility is to guess the ARMAX-parameter 
(j, directly from water table depths that are observed at a large number of sites 
at a time that the water table is about its mean level, or to estimate the spatial 
distribution of ß inversely using observed water table depths. 
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7 Discussion and conclusions 
7.1 Introduction 
The intended result of this study was a set of regression models that describe 
the relationship between parameters of time series models and physical inter-
pretation from databases such as the digital soil map, the digital topographical 
map and digital elevation values. These regression models could be used to 
predict time series model parameters in space. In the previous chapter it was 
seen that relationships between ARMAX parameters and auxiliary informa-
tion are generally absent or only weakly present. Several reasons for these 
weak relationships were mentioned. It was also shown in the previous chapter 
that the predictions with guessed ARMAX models contain large systematic 
errors, but that they are relatively precise, i.e., the standard deviations of the 
prediction errors are relatively small. 
In the present chapter the possible reasons for the weak relationships between 
estimated and guessed parameters will be summarized and discussed. Pos-
sible improvements are suggested. Finally conclusions will be drawn on the 
usefulness of auxiliary physical information in the interpolation of time series 
models. 
7.2 Discussion of results 
Reasons for the weak relationships between ARMAX parameters and physical 
information can be divided into three categories: 
1. Assumptions underlying the time series model; 
2. Assumptions underlying the models that describe the relationship be-
tween ARMAX parameters and physical information, and 
3. The quality of the data used. 
Ad 1. The ARMAX model assumes a linear relationship between precipitation 
excess and water table depth. However, Knotters and Van Walsum (1997) and 
Knotters and De Gooijer (1999) demonstrated that several forms of nonlinear-
ity can exist. Ignoring the nonlinear behaviour may weaken the relationship 
between the time series model parameters and the physical information. For 
instance threshold nonlinearities can exist because of the presence of soil layers 
with clearly distinctive soil physical properties. Then the effective porosity as 
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well as the change of the moisture volume in the unsaturated zone depend on 
the water table depth and therefore vary with time. In the presence of more 
than one drainage device both the drainage resistance and regional groundwa-
ter flux may also depend on the water table depth. 
Ad 2. Below the most important assumptions in the relations between ARM AX 
parameters and physical auxiliary information will be addressed: 
• An important assumption in the model that describes the relationship 
between the regional groundwater flux and groundsurface elevation is 
that the gradient of the water table can be approximated by the gradient 
of the soil surface. However, that the water table is usually smoother 
than the groundsurface. Therefore, it may be expected that Eq. (17) 
result in absolute guessed values that are too large; 
• The effective porosity is guessed only from soil profile descriptions and 
soil physical standard curves. The effect of bypass flow through macro-
pores, cracks or preferential flow paths is ignored which will result in 
guessed values that are too large. Besides this, storage in puddles is 
ignored which will result in guessed values that are to small; 
• The drainage resistance is calculated for a neighbourhood circle with 
a fixed radius of 600 m or iteratively for neighbourhood circles with a 
radius of 400 m and 600 m. Therefore, it is implicitly assumed that areas 
with a radius of 400 m or 600 m represent the scale of drainage flow for 
all 51 observation wells. It would be better, however, to calculate the 
drainage resistance for a wide range of values for the radius using Eq. 
(19). 
Ad 3. The auxiliary physical information may contain errors, may be incom-
plete or may not represent the physical conditions at the well site otherwise. 
Weak representativeness of the physical information will result in weak rela-
tionships between physical information and time series model parameters. The 
representativeness of the following physical information is uncertain: 
• The elevation data are not up to date, because they were collected 
roughly in between 1950 and 1970. Moreover, they were collected in 
an unequally spaced pattern and therefore they need to be declustered 
before calculating areal means, see Section 5.1; 
• The hydraulic conductivity of the subsoil. The hydraulic conductivity 
was guessed from the soil profile descriptions, generally up to a depth of 
2 m, and a table given by Bierkens (1994). The hydraulic conductivity 
guessed in this way was used in guessing the regional groundwater flux 
and the drainage resistance; 
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• The soil physical standard curves (Wösten et al, 1987) may not represent 
the conditions at the well sites. This will influence the guessed effective 
porosity; 
• Information on entrance resistances is not available. This influences the 
guessed drainage resistances; 
• Information on the wetted perimeters of the drainage devices as well 
as the drainage levels and bottom depths is generally contaminated with 
measurement errors. This will influence the guessed drainage resistances; 
• Information on the presence of drain pipes is not available at digital 
topographical maps. Ignoring the presence of drain pipes will result in 
guessed drainage resistances that are too large. 
7.3 Possible improvements 
From the above section it is clear that the relationships between ARMAX pa-
rameters and auxiliary information on elevation, topography and soil physical 
properties can be improved in several ways. A first improvement may be to 
describe the relationship between precipitation excess and water table depth 
by a nonlinear model, for instance a TARSO model (Knotters and De Gooijer, 
1999). It may be expected that the parameters of the TARSO model are more 
closely related to physical information than parameters of a linear time series 
model, especially if distinct threshold nonlinearities in the relationship between 
precipitation excess and water table depth are present. These may be the re-
sult of for instance soil physical boundaries and clearly distinctive drainage 
levels. In a TARSO model the relationship between precipitation excess and 
water table depth is divided into several regimes be so called thresholds. These 
regimes are conditional on the water table depth at a previous time step. The 
thresholds can for instance be the result of soil physical boundaries or drainage 
levels. An extension of the water balance to the TARSO model is given in An-
nex 3. 
The guessed values of the regional groundwater flux indicate the direction 
of the flow reasonably well, as was pointed out in Section 6.3. There is no 
relationship with the values estimated from the ARMAX model, however. As 
was pointed out in Section 6.5, the predictions with guessed ARMAX models 
contain large systematic errors, which means that the guesses of the parameter 
\i (Eq. (23)) need to be improved. This implies that the regional groundwater 
flow needs to be guessed more accurately. The guessed values of the regional 
groundwater flux can be improved with respect to the approximation of the 
gradients in the water table. In this study the gradients in the water table 
were approximated by the gradients in the groundsurface. It may be expected, 
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however, that more realistic approximations can be obtained from the results of 
a stationary model for regional groundwater flow and from contour line maps of 
the phreatic groundwater surface obtained with such a model. Besides better 
approximation of the gradients, more accurate data on the saturated hydraulic 
conductivity of the subsoil are needed. Furthermore, it may be necessary to 
divide the regional groundwater flux into several regimes depending on the 
water table depth. In such situations it may be expected that the guessed 
values of the regional groundwater flux are better related to the parameters of 
a TARSO model than to the parameters of a linear model such as the ARMAX 
model. 
The guessed values of the effective porosity can be improved by including the 
storage in puddles and the effect of bypass flow through macropores, soil cracks 
and preferential flow paths into the calculations. Therefore, more information 
on these processes need to be collected. Besides this, the effective porosity 
may be divided into several regimes as a result of the presence of distinct soil 
physical boundaries. In such cases it may be expected that the guessed values 
for separate regimes correspond better with the parameters of a TARSO model 
than with the parameters of a linear time series model. 
The guessed values of the drainage resistance can be improved if they are 
calculated from a wide range of values for the radius of the neighbourhood 
(Eq. (19)). Furthermore, more accurate data on the saturated conductivities 
in the subsoil as well as more accurate observations of bottom depths are 
needed. Finally, better relationships between physical information and time 
series model parameters can be obtained if the drainage resistance is calculated 
for separate regimes depending on the water table depth. Next these values 
can be used to guess the parameters of a TARSO model with corresponding 
regimes. 
An important improvement in the quality of the elevation data can be ex-
pected in near future, if accurate elevation data collected by laser scanning are 
digitally available in a 5 x 5 m grid. This may improve the guessed regional 
groundwater fluxes. Accurate information on the hydraulic conductivity of the 
subsoil, say in between 1 m and 10 m depth, is extremely important in the 
calculation drainage resistances and regional groundwater fluxes. However, 
this information is not widely available yet. Further improvements in the cal-
culation of drainage resistance can be made if more information on entrance 
resistances were available. This study also indicated a need for more accurate 
and more detailed information on the presence and dimensions of drainage 
devices. Improvements can be made in the calculation of effective porosities 
if more soil physical standard curves for distinct geologic regions and geologic 
deposits were available. 
The results of the predictions with guessed ARMAX models (Section 6.5) 
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indicated that the accuracy of the predictions can be increased drastically if 
the parameter /J (Eqs. (9) and (23)) can be guessed more accurately. An 
improved guess of \x can be obtained from observed water table depths which 
are measured at a large number of sites at one strategic moment at which the 
water table is about its mean level. This moment can be chosen on the basis 
of time series on water table depth that are collected in the study area. In the 
soil mapping in the Netherlands it is practice to measure the water table depth 
at a large number of locations at the moment that the water table reaches the 
Mean Highest Watertable (MHW) and the Mean Lowest Watertable (MLW). 
The average of these two levels may also be a useful guess of fi. Besides this, it 
is common practice in soil mapping to collect time series of one season length 
at a relatively large number of locations. These time series can be used to 
estimate the random errors and systematic errors of predictions with guessed 
ARM AX parameters. Next the random errors that occurred at the moments 
that the water table depth was measured at a large number of locations can be 
interpolated spatially to these locations, in order to improve the guesses of /i. 
Finally, the so obtained guesses of JJL can be interpolated spatially to unvisited 
locations. 
The above procedure is direct, and is based on what is common practice in 
soil mapping. Further study is needed on inverse estimation of the spatial 
structure of time series model parameters within a Kalman-filter approach, 
using observations on water table depth. 
7.4 Conclusions 
This study shows that at present the parameters of linear time series models 
can not be predicted accurately in space on the basis of physical relationships. 
Some improvements in the relationship between time series model parameters 
and physical information may be possible with regard to the time series mod-
elling as well as to the models that describe the relationship between time 
series model parameters and physical information. These improvements in the 
modelling will not take away the uncertainties about the data, however. In 
particular the quality of data on the hydraulic conductivity of the subsoil, en-
trance resistances, dimensions of drainage devices, and soil physical properties 
is extremely important in guessing ARMAX model parameters. Furthermore, 
a good approximation of the gradients in the phreatic surface is necessary. This 
study showed that an approximation on the basis of groundsurface elevation 
data is inappropriate. 
For economic reasons it is expected that the quality of physical information 
can only be improved to some extent. Hence it can be concluded that besides 
physical auxiliary information, observations on the water table depth itself are 
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necessary in the spatial prediction of time series of water table depths. A pos-
sible method is to estimate the spatial distribution of time series parameters 
inversely from additional observations on the water table depth (i.e. calibra-
tion). Therefore, research is needed on optimal sampling strategies for the 
water table depth in both space and time, within the practical and economic 
limits of a regional survey. 
Water table depths predicted by ARMAX models that are guessed from phys-
ical information show large systematic errors but relatively small random er-
rors. Therefore, the predictions can be improved significantly if the ARMAX-
parameter ^ that reflects the mean water table depth is guessed more accu-
rately. Again, additional observations on the water table depth and inverse 
estimation of the spatial distribution of the ARMAX-parameters can be useful 
to reduce the prediction errors, besides more accurate physical information. 
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Annex 1 Tables 
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Table 1: Selection scheine of observation wells. Bold face: groups from which 
an observation well has been selected. 
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Table 5: Starting and ending of the calibration periods (day-month-year) ; 










































































































Table 6: Starting and ending of the calibration periods (day-month-year); 






























































































































































































































































































0.05 80 15 15 
15 
Note: di — thickness of ith layer (cm); khoTti = horizontal hydraulic conduc-
tivity of ith layer (md ' 1 ) ; Kert.,i = vertical hydraulic conductivity of ith layer 
(m d-1). 
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Note: see Table 7. 
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Note: Hs — drainage level (cm); % = regional groundwater flux (mm d"1); 7 = 
drainage resistance (d); Cp — effective porosity (-); ai, b0 and fi are ARMAX 
parameters; â
€
 = standard deviation of innovations (cm). 
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Note: see Table 9. 
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Note: âe = standard deviation of innovations (cm). 
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Note: <7e = standard deviation of innovations (cm). 
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Note: A;sat = hydraulic conductivity of the subsoil; radius of the neighbourhood 
(m). 
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Table 14: Guessed values of the drainage resistance, radius — 600 m. 



































































































































































































































































Note: HSj = drainage level of the zth drainage type; •% = drainage resistance 
of the ith drainage type. 
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591.70 0.01 4.29E+08 1860.3 
1.28E+08 0.01 1.28E+08 1841.8 
5.78E+08 0.01 9.36E+07 0.01 9.36E+07 7835.7 
Note: see Table 14. 
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Table 16: Guessed values of the drainage resistance, radius = 400 m. 



































































































































































































































































Note: see Table 14. 
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#s,3 73 #s,4 
1.3 305.58 0.01 
0.01 5.34E+08 0.01 
0.01 1.00E+07 0.01 
1.1 1553.5 0.01 














0.01 1.06E+09 0 
0.01 7.97E+07 0.01 
0.01 1.00E+07 0.01 
0.01 6.56E+08 0.77 
0.01 1.00E+07 1 
0.01 1.00E+07 0.01 
2 315.85 2 
0.01 1.00E+07 0.01 
0.01 1.00E+07 0.01 
0.01 7.20E+07 0.01 
0.01 5.34E+08 0.01 
0.01 1.50E+09 0.01 
0.01 2.74E+08 0.01 
2.79E+05 0.01 2.30E+08 0.01 
732.67 0.01 1.00E+07 1.51 










0.01 5.78E+07 0.01 


























1.4 395.24 0.01 4.29E+08 1013.1 
0.01 1.28E+08 0.01 
1.07E+08 0.01 9.36E+07 0.01 
1.28E+08 2429.9 
9.36E+07 5899.7 
Note: see Table 14. 
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Note: 6V = moisture volume of a soil moisture profile in equilibrium with a 
water table depth that equals the depth to the permanently reduced zone (dr 
(cm)); 9saX. = saturated moisture volume up to dr; fis = storage capacity of the 
soil profile in equilibrium, water table depth equals dr (cm); ösat.^71 = fraction 
of pores of the soil profile up to dr. 
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Note: see Table 18. 
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Table 20: Relationship between estimated regional groundwater flux and rel-













































Note: % = ß0 + ßxhr + e, with 
% =regional groundwater flux; 
hT =relative groundsurface elevation. 
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Table 21: Relationship between the constant of the ARMAX model and rela-















































Note: fi = ß0 + ß-Ji-r + e, with 
ß =constant of the ARMAX model; 
hr =relative groundsurface elevation. 
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Note: The drainage resistance is guessed on the basis of a neighbourhood with 
a radius of 600 m. The prediction periods are equal to the calibration periods 
given in Tables 5 and 6. Values in cm. 
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Note: The drainage resistance is guessed on the basis of a neighbourhood with 
a radius of 600 m. The prediction periods are equal to the calibration periods 
given in Tables 5 and 6. Values in cm. 
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Annex 2 Figures 
75 
Locations of observation wells 
and meteorological stations 
• Obervation well 
• Precipitation station 
• Evapotranspiration station 
G=^ 
Figure 1 : Locations of the observation wells and meteorological stations 
76 
pot, t '^act.t J 
=—?"*,, 
Figure 2: Soil column with water balance terms. Pt = potential precipitation excess, 
i.e. precipitation - potential évapotranspiration [LT1]; Evot,t - EacU= difference 
between potential and actual évapotranspiration [LT"1]; qt,t = regional groundwater 
flux [LT1]; AVt= increase of water content in the unsaturated zone [L]; qdJ = 







0.5 0.6 0.7 0.8 
^(KALWAT) 
0.9 
Figure 3: Estimates of the parameter ax by the program KALMAX against estimates 










Figure 4: Estimates of the parameter bx by the program KALMAX against estimates 












-400 -350 -300 -250 -200 -150 -100 -50 
JÛ (KALWAT) 
Figure 5: Estimates of the parameter JU by the program KALMAX against estimates 













0 10 15 20 25 30 
Oe (KALWAT) 
35 40 45 
Figure 6: Estimates of the parameter Oe by the program KALMAX against estimates 
of the parameter Oe by the program KALWAT. 
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vt (2) 
V^pot,/1 ^ a c t ^ J 
Ur^ 
JH (3) s,7 
(2) / T T (  
(1) / z / d . 
Figure 7: Soil column with water balance terms and three regimes. The superscriptw 
indicates the regime in which the water table falls (/' = 1,2,3); Pt - potential 
precipitation excess, i.e. precipitation - potential évapotranspiration [LT1]; EpoU -
£acu = difference between potential and actual évapotranspiration [LT1]; qhJ = 
regional groundwater flux [LT1]; AVt J - increase of water content in the 
unsaturated zone [L]; qdJ = drainage flux [LT1]; Ht = water table depth [L]; HsJt = 
drainage level [L]. 
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Annex 3 TARSO modelling 
81 
3.1 The TARSO model 
Models such as TFN models and ARMAX models describe linear relationships 
between input and output. However, the relationship between precipitation 
excess and water table depth may contain several forms of nonlinearities. One 
form of nonlinearity is caused by the presence of thresholds which divide the 
relationship between precipitation excess and water table depth into several 
regimes. These thresholds are for instance soil physical boundaries or drainage 
levels. Threshold nonlinearities can be modelled by threshold autoregressive 
self-exciting open loop models (TARSO, Tong, 1990). Knotters and De Gooijer 
(1999) apply TARSO models to the relationship between precipitation excess 
and water table depth. The TARSO model is defined as follows. Let {Ht} 
denote a time series of water table depths (output) and {Pt} a time series 
of precipitation excess (input). Now a discrete self-exciting TARSO process 
{Ht, Pt} with order (£; (m1; m'j) , . . . , (me, m'e)) and delay parameter d (d > 0) 
is defined by Tong [1990] to be a solution of the equations 
Ht = 4J) + E a ^ t f ^ + Y,bii)pt-i + eP\ if »ï-i < # - - < 0> (24) 
i=l i=0 
where — oo = r0 < r : < . . . < re = oo, of' and of' (j = 1,...,£) are 
constants, and {4 } (j = 1, • • • ,£) are heterogeneous white noise sequences 
with zero mean and finite variances o~^u) and each being independent of {Pt}-
The thresholds are the levels r i , . . . ,r^_i. Thus, the real line is partitioned 
into £ intervals, and Ht satisfies one of £ dynamic regression models depending 
on the interval in which Ht_ci falls. 
3.2 The TARSO model in water balance terms 
The schematic soil profile in Fig. 2 can easily be extended to a situation with 
more than one regime, as is shown in Figure 7. Hence, Eq. (5) can be extended 
to a situation with £ regimes: 
Threshold nonlinearities in the relationship between precipitation excess and 
water table depth may be caused by soil physical boundaries, which is ex-
pressed in Eq. (25) by ip^ and V ^ . Another source of threshold nonlinearity 
may be found in the drainage systems, which are expressed in Eq. (25) by 7 ^ 
and H^\ Furthermore, the regional flux q^' may vary with regimes which are 
determined by Ht-\, for instance if the regional flux is upward or downward, 
depending on the water table depth Ht. 
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After some substitutions Eq. (25) can be written as 
h(t) = {e-M^U)^J)}h(t-At) 
+ 7 ( i ) ( i _ e - A i / ^ ' ) 7 W | 
+ {^qi3) + H^} {l -
 e-^
U)iU)} (26) 
+7« {[Ep (*) - E& (t)] - ^ } {l - e-^U)-rU)} 
The parameters of the TARSO models can be written in terms of physical 
quantities in the following way: 
6« =
 7«{l-a?>} 
„0) _ ^>i"+«'." V 
° " H"} 
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Annex 4 Soil profile descriptions 
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